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The conformational dependence of the gas-phase hydrogen/deuterium (H/D) exchange of
nucleotide-5-monophosphate anions with the H/D exchange reagent D2S is reported here. The
electrospray-generated [M 2 H]2 anions of adenosine-59-monophosphate, adenosine-59-car-
boxylic acid, ribitol-5-phosphate, and 2-deoxy-ribitol-5-phosphate were reacted with D2S in the
gas phase. Their reactivity (adenosine-59-monophosphate exchanged 2 of 5 labile hydrogens,
adenosine-59-carboxylic acid exchanged 1 of 4, ribitol-5-phosphate exchanged 2 of 3, and
2-deoxy-ribitol-5-phosphate exchanged 1 of 2) suggests that the hydroxyl group in the 2
position of the ribose sugar and the amino hydrogen on the nucleobase do not exchange
readily with D2S. Semiempirical molecular orbital calculations suggest that the labile hydro-
gens in these positions are thermodynamically facile to exchange but as a conformation
inaccessible to the presumed phosphate anion, consistent with a mechanism in which the
phosphate anion complexes with the exchange reagent and assists H/D exchange at a
neighboring site. (J Am Soc Mass Spectrom 2001, 12, 780–785) © 2001 American Society for
Mass Spectrometry
Robinson et al. recently reported the H/D ex-change reactivity of mono- and oligonucleo-tides with D2O [1]. Subsequently we reported
the relative rates of gas-phase hydrogen/deuterium
exchange of deprotonated nucleotide-5-monophos-
phate anions reacted with D2O and D2S and exam-
ined the role of thermodynamics on the H/D ex-
change kinetics [2]. We demonstrated that D2S
reacted much more readily with the nucleotide phos-
phate anions than D2O, presumably due to a thermo-
neutral reaction barrier for D2S as opposed to an
endothermic reaction barrier with D2O. The data
showed that ribose-5-monophosphate, (R5P), (4 ex-
changeable hydrogens) and deoxyribose-5-phos-
phate, (dR5P), (5 exchangeable hydrogens) ex-
changed all heteroatom-attached hydrogens when
reacted with D2S, clearly demonstrating that H/D
exchange readily occurs at all sites on the sugar
phosphate. Unfortunately, both R5P and dR5P can
exist in solution in two anomeric forms, cyclic and
acyclic, and we have no way of knowing which
species are present in the gas phase based on our
H/D exchange data. More interestingly, we observed
that deoxyadenosine-59-monophosphate (4 exchange-
able hydrogens) and adenosine-59-monophosphate (5
exchangeable hydrogens) exchanged only two hydro-
gens whereas we would have expected 2 and 3
exchanges respectively (accounting for the phosphate
hydrogen and the hydroxyl hydrogens on the sugar).
The logical assumption is that the 29 hydroxyl sugar
is prevented from exchanging by the presence of the
nucleobase. The obvious question is how the presence
of the nucleobase can account for such a dramatic
alteration in gas phase H/D exchange reactivity.
In this report, we address the unusual reactivity of
adenosine-59-monophosphate (AMP) and deoxyade-
nosine-59-monophosphate (dAMP) with D2S through
the use of molecular orbital calculations and experi-
ments with other derivatives. The data presented here
illuminate the role molecular conformation plays in
determining the gas-phase reactivity of nucleotide
monophosphates.
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Experimental
Sample Preparation
Adenosine-59-monophosphate and adenosine-59-car-
boxylic acid were obtained from Sigma Chemical
Company (St. Louis, MO); D2S (98%D) was obtained
from Cambridge Isotope Labs (Andover, MA). Cyclic
1-deoxyribitol-5-monophosphate was purchased
from TriLink Biotech (San Diego, CA). All reagents
were used without further purification. Nucleotide
samples were prepared by dissolving each nucleo-
tide in 50:50 methanol:isopropanol (MeOH:IPA)
to a concentration of 1 mM followed by serial dilu-
tion in 50:50 MeOH:IPA to a final concentration of
10 mM.
Instrumental
Experiments were performed with a previously de-
scribed 9.4 T electrospray ionization Fourier transform
ion cyclotron resonance (ESI FT-ICR) mass spectrome-
ter configured for external ion accumulation [3, 4].
Nucleotide samples prepared in 50:50 MeOH:IPA were
infused into a tapered 50 mm i.d. fused silica micro-ESI
needle [5, 6] at a rate of 300 nL min21 and a concentra-
tion of ;10 mM. Typical ESI conditions were: needle
voltage 5 21.8 kV and heated capillary current 5 3.5 A.
Ions were accumulated in a linear octapole ion trap
(operated at 1.8 MHz) for 1–5 s and then transferred to a
4-in.-diameter open cylindrical Penning trap (24V end
cap voltage) through a second octapole ion guide (oper-
ated at 1.8 MHz). The most abundant monoisotopic ions
for each species were isolated from each solution by
stored-waveform inverse Fourier transform (SWIFT) [7, 8]
mass-selective ion ejection. The monoisotopic parent ions
were then allowed to react with the neutral exchange
reagent leaked into the vacuum chamber via a 3-way
pulsed valve/leak valve combination described previ-
ously [9, 10]. The neutral pressure was monitored by the
use of a Granville-Phillips Model 274 (Boulder, CO) ion
gauge. The apparent partial pressure of the neutral re-
agents was set to 5 3 1028 torr where it remained stable
throughout the course of the H/D exchange period. The
SWIFT-isolated ions were then reacted with the neutral
reagent for reaction periods varying up to 6 min (or ;1800
ion-neutral collisions). After reaction, the ions were sub-
jected to broadband frequency-sweep excitation and de-
tection. Typical initial base pressure for the instrument
was 5 3 1029 torr. An Odyssey data station (Finnigan
Corp., Madison, WI) controlled all experiments. The time-
domain discrete ICR signal (average of 4 scans) was
subjected to baseline correction followed by Hanning
apodization and one zero-fill before Fourier transforma-
tion and magnitude calculation. Each experiment was
repeated to insure that the number of exchanges was
correct.
Computational Chemistry
Molecular modeling was performed with an Intel-based
Pentium II 400 MHz workstation running HyperChem
5.0 (HyperCube Inc., Gainesville, FL). All geometry
optimizations were performed at the PM3 level of
theory. The usage-directed method was used for the
conformational analysis of R5P anions [11]. To obtain
transition states, we used selected trial conformations as
starting geometries for reactant and product ion-mole-
cule complexes. Transition state geometries were then
located by use of the quadratic synchronous transit
method. The transition states were characterized by the
presence of a single negative vibrational frequency that
corresponded to the appropriate reaction coordinate.
Because of the poor accuracy with which semiempirical
methods predict transition state energies, the AM1
semiempirical method was also used to evaluate initial
transition state geometries and energies. However, for
most species of interest this method failed to converge
to a stationary point for the reactions with D2S that
corresponded to the transition state. This may be due to
the rather shallow local minimum in these complexes.
Results and Discussion
Gas-Phase H/D Exchange of AMP, cAMP, and
Adenosine-59-Carboxylic Acid
Adenosine-59-carboxylic acid, 39,59-cAMP, and 29,39-
cAMP were reacted with D2S (5 3 10
28 torr) for varying
time periods and their deuterium uptake recorded.
Previously, no deuterium incorporation was observed
when 39-59 or 2–39 cyclic-adenosine-59- monophosphate
(cAMP) were reacted with D2O [1]. Because of the
relatively slow rates of exchange for mononucleotides
with D2O, we reexamined the reactivity of the cAMPs
with the more reactive D2S. As for D2O, no deuterium
incorporation was observed for either of the cAMPs
after the maximum reaction period of 6 min (Figure 1).
The 59-carboxylic acid derivative of AMP was also
reacted with D2S (Figure 2). The 59-carboxylic acid
derivative exchanged only 1 of 4 exchangeable hydro-
gens. As for 39,59-cAMP, the presence of the carboxyl
group apparently blocks the reactivity of the 29-hy-
droxyl group with the exchange reagent. In order to
understand this behavior it is helpful to examine the
possible mechanisms through which H/D exchange
may occur.
The Role of the Phosphate Anion
Ab initio calculations predict that the most acidic site on
the nucleotides is the phosphate [2, 12]. Gas-phase nucle-
otide anions would therefore have the charge delocalized
on the phosphate group. What role does the phosphate
anion play in directing which sites on the molecule are
exchanged? Prior experiments with the neutral exchange
reagent D2O demonstrated that cyclic phosphates do not
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exchange any hydrogens [1]. That finding is supported by
our present results which show no observable exchange
with the more reactive D2S. Yet the 59-monophosphates in
which the phosphate anion is not conformationally rigid
do undergo exchange with D2S and also D2O [1, 2]. It is
clear that the necessary requirement for exchange to occur
in nucleotides is that the phosphate anion be able to
sample the site where exchange will occur. More interest-
ing is the mechanism of how the deuterium is incorpo-
rated into the nucleotide. Is it by means of a relay
mechanism in which simultaneous transfer occurs be-
tween two sites in the molecule, or a stepwise mechanism
in which exchange occurs at the phosphate anion that then
exchanges with other sites on the nucleotide [13–18]?
For stepwise exchange, Scheme 1, two rates would
be important in determining the overall rate of ex-
change: the initial rate of exchange with the phosphate
group and the rate at which the phosphate exchanges
internally. Since the H/D exchange rates for the nucle-
otide anions with D2O and D2S vary widely, the rate-
limiting step for incorporation of the first deuterium
would be the initial exchange from the neutral to the
phosphate anion. For the case of the relay mechanism in
Scheme 2, the rate depends only on exchange between
the neutral and the nucleotide anion.
Figure 1. Gas-phase H/D exchange of the SWIFT-isolated mo-
noisotopic [M 2 H]2 ion of 29,39-cyclic-adenosine-monphosphate
(top) and 39,59-cyclic-adenosine-monophosphate (bottom) with
D2S at an apparent pressure of 5 3 10
28 torr for 360 s. No
exchange is observed for either species.
Figure 2. Gas-phase H/D exchange of the SWIFT isolated mo-
noisotopic [M 2 H]2 ion of adenosine-59-carboxylic acid (top) and
adenosine-59-monophosphate (bottom) with D2S at an apparent
pressure of 5 3 1028 torr for 360 s.
Scheme 1
Scheme 2
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Experimental evidence to support the operation of a
relay mechanism comes from the observed reactivity of
adenosine-59-carboxylic acid (Figure 2). This compound
cannot exchange by a stepwise mechanism because of
the lack of an exchangeable hydrogen on the carboxylic
acid functional group. Rather, this anion could easily
form an ion-molecule complex where exchange could
occur. This idea is further supported by the observation
that only a single hydrogen atom is exchanged. Presum-
ably, it is the hydrogen on the 39 hydroxyl group of the
sugar adjacent to the carboxyl group (see below). Sim-
ilarly, for AMP the number of exchanged hydrogen (2)
is consistent with the exchange occurring only at the
phospate group (1 exchangeable hydrogen) and the
39-hydroxyl group. That mechanism explains why both
AMP and dAMP incorporate exactly the same number
of deuteriums. Furthermore, the relative rates of ex-
change for these two species are the same within the
error of the experiment [2].
Gas-Phase H/D Exchange of Ribitol-5-Phosphate,
and 2-Deoxy-Ribitol-5-Phosphate
As a further source of experimental evidence for the site
at which exchange occurs, we also examined the H/D
exchange of ribitol-5-phosphate, and 2-deoxy-ribitol-5-
phosphate with D2S [19]. We chose these species as
models for the sugar-5-phosphate because they lack the
1-hydroxyl group and cannot ring open, unlike the
ribose-5-phosphate and 2-deoxy-ribose-5-phosphate.
After 6 min exposure to D2S, these species both ex-
changed only 2 hydrogen atoms, consistent with the
behavior of AMP and dAMP. The only difference in
structure between the model and the AMP is the
presence of the nucleobase, suggesting that the ex-
change does not occur on the two amine hydrogens
located on the nucleoblase, and strengthening the argu-
ment that exchange occurs solely on the 39-hydroxyl
group and the 59-phosphate group.
Thermodynamic Considerations
To understand the difference in reactivity between D2O
and D2S, we chose to model the mechanism of H/D
exchange between ribitol-5-phosphate, and these two
exchange reagents. Figures 3, 4, and 5 show the struc-
tures obtained from geometry optimizations at the PM3
semiempirical level of theory; their associated heats of
formation are listed in Table 1. Figures 6 and 7 show the
corresponding reaction coordinate energy surfaces. The
calculations further support the operation of a relay
mechanism. Specifically, in Figure 6 the energy coordi-
nate for the intramolecular transfer of a proton from the
phosphate group to the 3-hydroxyl group has a barrier
of 16 kcal mol21. In the event of a stepwise transfer of
the deuterium from the exchange reagent to the phos-
phate and from the phosphate to the 3-hydroxyl group,
this barrier exists no matter what the exchange reagent.
The presence of excess energy being deposited in the
phosphate group is unlikely, in that both the reactants
and products differ only by exchange of one hydrogen
atom.
Figure 3. PM3-optimized geometries (A1 and A2) and transition
state (A-TS) for the ion-molecule complexes involved in proton
transfer from the hydroxyl group to the phosphate anion. The
neutral species (N) is also shown.
Figure 4. PM3 optimized geometries (O1, O2, and O3) and
transition states (O-TS1 and O-TS2) for the ion-molecule com-
plexes involved in D2O-assisted proton transfer from the hydroxyl
group to the phosphate anion.
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The energy coordinates for the case of the relay
mechanism, are also shown in Figures 6 and 7. It is
obvious, and intuitive, that the height of the barrier
depends on the exchange reagent involved. The pre-
dicted barrier for exchange with D2O is 19 kcal mol
21
vs. only 2 kcal mol21 for exchange with D2S. These
results suggest that a “relay mechanism” is more fa-
vored for D2S than for D2O, entirely consistent with our
current and previous experimental observations.
Conclusions
The data presented in this paper demonstrate the im-
portance of considering conformation and thermody-
namics for interpreting the results of gas-phase H/D
exchange experiments. Specifically, for nucleotide
monophosphates exchanged with either D2O or D2S,
the labile hydrogen atoms must be conformationally
accessible to the phosphate anion in order for H/D
exchange to occur. Two possible mechanisms to explain
the observed reactivity of AMP and dAMP are consid-
ered. The first is a stepwise mechanism in which the
exchange reagent first reacts with the phosphate anion
and then the phosphate anion performs an intramolec-
ular proton transfer to other sites on the molecule. This
mechanism has an inherent barrier of 16 kcal mol21 for
transfer to the neighboring 3-hydroxyl group, which is
presumed to be the only other functional group on
AMP and dAMP that is accessible to the phosphate. The
Figure 5. PM3 optimized geometries (S1, S2, and S3) and transi-
tion states (S-TS1 and S-TS2) for the ion-molecule complexes
involved in D2S-assisted proton transfer from the hydroxyl group
to the phosphate anion.
Figure 6. Reaction coordinate for H/D exchange of the 39-
hydroxyl group and the nucleotide monophosphate anion with
D2S generated from the PM3 optimized geometries in Figures 3
and 5. The inset shows the reaction coordinate for intramolecular
proton transfer from the 39-hydroxyl group to the 59-phosphate.
Figure 7. Reaction coordinate for H/D exchange of the 39-
hydroxyl group and the nucleotide monophosphate anion with
D2O generated from the PM3 optimized geometries in Figures 3
and 4.
Table 1. Heats of formation for the species in Figures 3–5
Species
PM3
a
(kcal mol21)
Neutrals
H2O 255.0
H2S 20.9
(N) 2384.5
Anions
HO2 217.5
HS2 215.9
Ion-molecule complexes
(A1) 2421.0
(A–TS) 2404.7
(A2) 2417.7
(O1) 2481.6
(O-TS1) 2459.7
(O2) 2461.9
(O–TS2) 2456.9
(O3) 2471.1
(S1) 2427.7
(S-TS1) 2424.7
(S2) 2433.9
(S-TS2) 2420.4
(S3) 120.1
a
Heats of formation at 298 K.
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second mechanism requires the formation of an ion-
molecule complex in which a deuterium can be relayed
from one site on the molecule to another, thereby
performing H/D exchange. In this case, the theoretical
results predict that the identity of the exchange reagent
should have a strong thermodynamic influence on the
reaction kinetics, as confirmed experimentally, suggest-
ing that the most plausible mechanism for exchange is
indeed the relay mechanism. Furthermore, only those
sites that can form an ion-molecule complex between
the neutral reagent and the anion will be exchanged.
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